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I N T R O D U C T I O N  

F l a s h  p y r o l y s i s  i n  d i f f e r e n t  g a s e s  h a s  b e e n  s t u d i e d  a s  a n  
a l t e r n a t i v e  p r o c e s s  f o r  t h e  s i m u l t a n e o u s  g a s i f i c a t i o n  a n d  l i q u e f a c t i o n  
o f  c o a l .  E x p e r i m e n t a l  s t u d i e s  on  f l a s h  h y d r o p y r o l y s i s ,  s t e a m  
p y r o l y s i s ,  a n d  i n e r t  g a s  p y r o l y s i s  of  v a r i o u ' s  t y p e s  o f  c o a l  h a v e  b e e n  
r e p o r t e d  i n  t h e  l i t e r a t u r e  ( 1 - 2 6 ) .  I n v e s t i g a t i o n s  on t h e  e f f e c t  o f  
steam a n d  h y d r o g e n  on  t h e  p y r o l y s i s  o f  h y d r o c a r b o n s ,  c o a l  a n d  vacuum 
r e s i d u e  ( 2 4 ,  2 7 )  i n d i c a t e  t h a t  b o t h  s t e a m  a n d  h y d r o g e n  i n f l u e n c e  t h e  
y i e l d .  S z u b a  a n d  M i c h a l i k  ( 2 4 )  h a v e  shown  t h a t  t h e  t o t a l  p r o d u c t i o n  
of l i q u i d s  f r o m  p y r o l y s i s  is h i g h e r  i n  t h e  p r e s e n c e  o f  s t e a m  t h a n  i n  
a n  i n e r t  a t m o s p h e r e ,  b u t  is s t i l l  lower t h a n  t h e  l i q u i d  p r o d u c t i o n  
f r o m  h y d r o p y r o l y s i s .  T h e s e  s t u d i e s  h a v e  e x a m i n e d  i n  d e t a i l ,  t h e  e f f e c t  
of  t h e  p r o c e s s  v a r i a b l e s  ( t e m p e r a t u r e ,  p r e s s u r e ,  s o l i d s  c o n t a c t  t ime ,  
g a s  p h a s e  r e s i d e n c e  t ime,  e t c . )  on t h e  t o t a l  y i e l d  o f  p r o d u c t s  a n d  on 
t h e  s e l e c t i v i t y  o f  t h e  r e a c t i o n .  

H o w e v e r ,  t h e r e  is a l a c k  o f  l i q u i d  p r o d u c t  c h a r a c t e r i z a t i o n .  
S i m p l e  a n a l y t i c a l  t e c h n i q u e s  s u c h  a s  g a s  c h r o m a t o g r a p h y  a n d  e l e m e n t a l  
a n a l y s i s  d o  n o t  p r o v i d e  e n o u g h  i n f o r m a t i o n  o n  t h e i r  n a t u r e .  T h i s  is 
d u e  t o  t h e  c h e m i c a l  c o m p l e x i t y  o f  t h e s e  l i q u i d s  a n d  t h e  l a r g e  number  
of  i n d i v i d u a l  c o m p o n e n t s .  

A d e q u a t e  c h a r a c t e r i z a t i o n  o f  t h e  l i q u i d  o b t a i n e d  is i m p o r t a n t  i n  
t h e  e v a l u a t i o n  of  a c o a l  l i q u e f a c t i o n  p r o c e s s .  I n  t h e  i n d u s t r i a l  
o p e r a t i o n  o f  u p g r a d i n g  c o a l  l i q u i d s ,  t h r e e  f a c t o r s  m u s t  be c o n s i d e r e d .  
The f i r s t  i s  t h e  known i n s t a b i l i t y  o f  t h e s e  l i q u i d s  u p o n  h e a t i n g  i n  
t h e  p r e s e n c e  of o x y g e n ,  i . e .  t h e i r  t e n d e n c y  t o  p o l y m e r i z e .  T h e  s e c o n d  
is t h a t  t h a t  t h e  r e m o v a l  o f  h e t e r o a t o m s  c a l l s  f o r  e x p e n s i v e  u p g r a d i n g  
i n  a c a t a l y t i c  r e a c t i o n  t h a t  c o n s u m e s  h y d r o g e n  h e a v i l y .  T h e  l a s t  
c o n s i d e r a t i o n  is t h a t  t h e  l i q u i d  h a s  t o  b e  r e f o r m e d  t o  a d e s i r e d  
m o l e c u l a r  s i z e  a n d  c a r b o n  t o  h y d r o g e n  r a t i o .  T h e  l i q u e f a c t i o n  
p r o d u c t s  n e e d  c h a r a c t e r i z a t i o n  t o  p r o v i d e  i n f o r m a t i o n  on  w h i c h  a n d  how 
much o f  t h i s  p r o c e s s i n g  i s  r e q u i r e d .  

H y d r o c a r b o n  l i q u i d  p r o d u c t i o n  by c o a l  p y r o l y s i s  i n  a n  i n e r t  g a s  
is n o t  a t t r a c t i v e  as a n  i n d u s t r i a l  p r o c e s s .  I t  y i e l d s  low 
c o n v e r s i o n s ,  p r o d u c e s  u n s t a b l e  l i q u i d s ,  a n d  h a s  low s e l e c t i v i t y  
t o w a r d s  d e s i r a b l e  p r o d u c t s .  As a r e s u l t ,  m o r e  e m p h a s i s  is p l a c e d  o n  
h y d r o p y r o l y s i s  a n d  steam p y r o l y s i s .  T h e s e  two p r o c e s s e s  i n v o l v e  
d i f f e r e n t  c h e m i c a l  r e a c t i o n s .  P r e s e n t  i n t e r e s t  i n  f l a s h  s t e a m  
p y r o l y s i s  stems f r o m  t h e  e c o n o m i c a l  a d v a n t a g e  of u s i n g  steam i n  p l a c e  
o f  e x p e n s i v e  h y d r o g e n ,  a n d  f r o m  t h a t  s t e a m  h a s  h i g h e r  s e l e c t i v i t y  t h a n  
i n e r t  g a s  t owards  t h e  p r o d u c t i o n  o f  d e s i r a b l e  l i q u i d s  ( 1 0 ) .  A 
k n o w l e d g e  o f  t h e  d i f f e r e n c e s  b e t w e e n  h y d r o g e n  a n d  s t e a m  p y r o l y s i s  
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p r o d u c t s  a n d  r e a c t i o n  m e c h a n i s m s  i s  u s e f u l  when c o n s i d e r i n g  b o t h  
p r o c e s s e s  a s  p o t e n t i a l  r ' o u t e s  t o  l i q u i d  a n d  g a s e o u s  f u e l s .  The  g o a l  
o f  t h i s  r e s e a r c h  p r o j e c t  was  t o  f i n d  a m e a n i n g f u l  w a y  o f  
c h a r a c t e r i z i n g  t h e  p r o d u c t s  a n d  t o  a p p l y  t h i s  c h a r a c t e r i z a t i o n  t o  
s t e a m  a n d  h y d r o g e n  p y r o l y s i s  l i q u i d s .  

To a c h i e v e  t h e s e  o b j e c t i v e s ,  c o a l  was t r e a t e d  u n d e r  i d e n t i c a l  
r e a c t i o n  p r e s s u r e  a n d  t e m p e r a t u r e  i n  t h r e e  r e a c t i o n  e n v i r o n m e n t s :  
h y d r o g e n .  a s t e a m / h e l i u m  m i x t u r e ,  a n d  p u r e  h e l i u m .  A c o m p a r i s o n  was 
t h e n  made on t h e  e f f e c t  o f  t h e  r e a c t i o n  e n v i r o n m e n t  o n  t h e  g a s  a n d  
l i q u i d  y i e l d s ,  T h e  c h a r a c t e r i z a t i o n  t e c h n i q u e  w a s  u s e d  t h e n ,  t o  
e s t a b l i s h  t h e  s t r u c t u r e  o f  t h e  major f r a c t i o n s  of c o m p o n e n t s  i n  t h e  
l i q u i d s  p r o d u c e d  by h y d r o g e n  a n d  s t e a m / h e l i u m  p y r o l y s i s .  The  
a n a l o g i e s  a n d  d i f f e r e n c e s  b e t w e e n  d i f f e r e n t  p a r t s  of  t h e  l i q u i d s ,  
t h e i r  d e p e n d e n c e  upon  t h e  r e a c t i o n  e n v i r o n m e n t  a n d  t h e  c h e m i c a l  
r e a c t i o n s  t h a t  e x p l a i n s  t h e  d i f f e r e n c e s  w h i c h  a r e  d i s c u s s e d  i n  t h i s  
p a p e r .  

THE CHARACTERIZATION TECHNIQUE 

P r e v i o u s  e x p e r i e n c e  w i t h  t h e  c h a r a c t e r i z a t i o n  of  p y r o l y s i s  
d e r i v e d  l i q u i d s  i n  o u r  l a b o r a t o r y  h a s  shown  t h e  l i m i t a t i o n s  o f  
c o n v e n t i o n a l  a n a l y t i c a l  t e c h n i q u e s  ( 1 0 ) .  F o r  e x a m p l e ,  t h e  
g a s - c h r o m a t o g r a p h i c  s e p a r a t i o n  of t h e  l i q u i d s  f a i l e d  t o  e l u t e  a 
s i g n i f i c a n t  p a r t  of t h e  l i q u i d .  Most o f  t h e  m a t e r i a l  r e m a i n e d  i n  t h e  
c o l u m n .  

T h e  c h a r a c t e r i z a t i o n  o f  g r o u p s  i n  c o a l  d e r i v e d  l i q u i d s  h a s  b e e n  
u s e d  w i d e l y .  The  i n f o r m a t i o n  o b t a i n e d  by h y d r o g e n  a n d  c a r b o n  N M R  a n d  
FTIR h a s  b e e n  v e r y  u s e f u l  i n  e l J c i d a t i n g  t h e  f u n c t i o n a l  s t r u c t u r e  of  
t h e  l i q u i d .  F u n c t i o n a l  c h a r a c t e r i z a t i o n  o f  t h e  l i q u i d ,  h o w e v e r ,  i s  
not e n o u g h  t o  c h a r a c t e r i z e  t h e  p h y s i c a l  a n d  c h e m i c a l  p r o p e r t i e s  o f  t h e  
l i q u i d .  I t  i s  a l s o  n e c e s s a r y  t o  e s t a b l i s h  t o  w h a t  k i n d  of m o l e c u l e  
t h e  f u n c t i o n a l  g r o u p  i s  a t t a c h e d ,  i t s  m o l e c u l a r  s i z e  a n d  o t h e r  g r o u p s  
i n  t h e  m o l e c u l e .  A l s o ,  i t  is e s s e n t i a l  t o  know how f u n c t i o n a l  g r o u p s ,  
m o l e c u l a r  s i z e s  a n d  o t h e r  p r o p e r t i e s  ( s u c h  as a r o m a t i c i t y  a r e  
d i s t r i b u t e d  i n  t h e  l i q u i d .  

W i t h  a s i m p l e  l i q u i d  m i x t u r e ,  t h e  o b v i o u s  a n s w e r  w o u l d  be t o  
s e p a r a t e  a l l  c o m p o n e n t s  a n d  i d e n t i f y  t h e m .  W i t h  c o a l  p y r o l y s i s  
l i q u i d s ,  w i t h  h u n d r e d s  o f  i n d i v i d u a l  c o m p o n e n t s ,  t h i s  is n o t  a 
p r a c t i c a l  s o l u t i o n .  E v e n  i f  s u c h  a l a b o r i o u s  t a s k  i s  a c c o m p l i s h e d ,  t h e  
c o m p o n e n t s  s h o u l d  be l u m p e d  i n  f a m i l i e s  w i t h  some  common p r o p e r t i e s ,  
t o  make a n y  p r a c t i c a l  u s e  o f  t h e  r e s u l t s  o f  t h e  s e p a r a t i o n .  

S e q u e n t i a l  E l i i t l o n  S o l v e n t  C h r o m a t o g r a p h y  (SESC) ( 2 8 ,  29) is  a 
t e c h n i q u e  t h a t  was d e v e l o p e d  f o r  t h e  s e p a r a t i o n  o f  c o a l  l i q u e f a c t i o n  
p r o d u c t s  i n  s e v e r a l  f r a c t i o n s .  E a c h  f r a c t i o n  h a s  some common 
f e a t u r e s .  s u c h  a s  c h a r a c t e r i s t i c  f u n c t i o n a l  g r o u p s ,  p o l a r i t y  o r  
b a s i c i t y .  SESC o f f e r e d  f o r  o u r  a p p l i c a t i o n  a b a l a n c e  p o i n t  b e t w e e n  
d e t a i l  i n  t h e  s e p a r a t i o n  a n d  low number  o f  f r a c t i o n s  s e p a r a t e d .  
A l t h o u g h  SESC was n o t  a p p l i e d  t o  t h e  c h a r a c t e r i z a t i o n  o f  c o a l  
P Y r O l Y 3 i S  l i q u i d s  b e f o r e  t h i s  w o r k ,  t h e  t h e o r y  of  t h e  m e t h o d  was 
a p p l i c a b l e  t o  c o a l  p y r o l y s i s  p r o d u c t s  a n d  t h e  p r o b a b i l i t i e s  o f  
s u c c e s s  w e r e  h i g h .  

I n  P r e l i m i n a r y  work  w i t h  t h e  t e c h n i q u e ,  we f o u n d  t h a t  no  f r a c t i o n  
d i d  e l u t e  w i t h  p y r i d i n e  a s  a s o l v e n t .  We d i d  e l i m i n a t e  p y r i d i n e  f rom 
t h e  s e q u e n c e .  S i n c e  t h e  m e t h o d  i s  n o t  t h e  o r i g i n a l  SESC of F a r c a s i u  
( 2 8 1 ,  i t  W i l l  be c a l l e d  m o d i f i e d - S E S C  or  M-SESC i n  t h i s  p a p e r .  
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I F o l l o w i n g  t h e  s e p a r a t i o n ,  e a c h  f r a c t i o n  was  f u r t h e r  c h a r a c t e r i z e d  

\ D i s t r i b u t i o n  ( G C  m e t h o d  ) ,  H r N M R  ( a r o m a t i c  a n d  a l i p h a t i c  H ,  H 
I c o n t a i n i n g  f u n c t i o n a l  g r o u p s ) ,  E l e m e n t a l  A n a l y s i s  a n d  d e n s i t y .  

r by S t e r i c  E x c l u s i o n  H P L C  ( m o l e c u l a r  s i z e  d i s t r i b u t i o n ) ,  B o i l i n g  P o i n t  

The i n f o r m a t i o n  o b t a i n e d  i s  u s e f u l  a s  a m o r e  d e t a i l e d  a n d  a c c u r a t e  
m o d e l  o f  t h e  c o a l  l i q u i d  o b t a i n e d  by p y r o l y s i s .  The  i n f o r m a t i o n  c a n  
be u s e d  t o  d i s c u s s  t h e  c h a r a c t e r i s t i c s  o f  t h e  r e a c t i o n  p a t h s  d u r i n g  
p y r o l y s i s  i n  d i f f e r e n t  g a s  e n v i r o n m e n t s ,  as shown  i n  t h i s  p a p e r .  

EXPERIMENTAL 
I 

The c o a l  u s e d  was W e s t e r n  K e n t u c k y  No. 9 ( f r o m  t h e  P y r o  M i n e ,  
K e n t u c k y ) .  The c o m p o s i t i o n  of t h e  c o a l  i s  g i v e n  i n  T a b l e  I .  

The p y r o l y s i s  s y s t e m  was o p e r a t e d  i n  6 . 9  MPA w i t h  p u r e  h y d r o g e n ,  
p u r e  h e l i u m ,  o r  a m i x t u r e  o f  7 . 6  m o l e  p e r c e n t  o f  s t e a m  i n  h e l i u m .  
C o a l  was f e d  a t  a r a t e  o f  1 k g / h r  i n t o  t h e  r e a c t o r  w h i c h  was  7 . 9  cm i n  
d i a m e t e r  a n d  1 0 0  cm i n  l e n g t h .  A l l  t h e  t e s t s  w e r e  c o n d u c t e d  a t  740  C 
i n  a 3 0  cm l o n g  h o t  z o n e .  The s u p e r f i c i a l  v e l o c i t y  o f  t h e  g a s e s  f e d  
i n t o  t h e  r e a c t o r  v a r i e d  f r o m  5 t o  8 c m / s .  F o r  t h e  h y d r o g e n  a n d  
s t e a m / h e l i u m  r u n s ,  t h e  f r e e  f a l l i n g  c o a l  p a r t i c l e s  w e r e  m a i n t a i n e d  i n  
t h e  h o t  r e a c t o r  z o n e  f o r  o n e  s e c o n d .  F u l l  d e t a i l s  o f  t h i s  a p p a r a t u s  
a r e  g i v e n  e l s e w h e r e ( 4 ) .  

The l i q u i d s  f r o m  t h e  s t e a m / h e l i u m  a n d  h y d r o g e n  r u n s  w e r e  t h e n  
c h a r a c t e r i z e d ,  N o t e  t h a t  t h e  h e l i u m  r u n  was  i n c l u d e d  s o l e l y  t o  a s s e s s  
t h e  e f f e c t  o f  r e a c t i o n  e n v i r o n m e n t  on t h e  t o t a l  y i e l d  a n d  t h u s  was n o t  
f u r t h e r  a n a l y z e d .  An a c c o u n t  o f  t h e  e x p e r i m e n t a l  d e t a i l s  of  t h e  
M-SESC f r a c t i o n a t i o n  a n d  t h e  c h a r a c t e r i z a t i o n  o f  e a c h  f r a c t i o n  h a s  
b e e n  g i v e n  by S h e n  ( 3 2 ) .  

RESULTS 

A c o m p a r i s o n  o f  t h e  p r o d u c t s  f r o m  c o a l  p y r o l y s i s  i n  h y d r o g e n ,  t h e  
steam/ h e l i u m  m i x t u r e ,  a n d  p u r e  h e l i u m  i s  p r e s e n t e d  i n  F i g u r e  1 .  T h e  
o v e r a l l  y i e l d  f r o m  s t e a m  p y r o l y s i s  i s  h i g h e r  t h a n  t h e  y i e l d  f r o m  i n e r t  
g a s  ( h e l i u m )  p y r o l y s i s  u n d e r  t h e  s a m e  o p e r a t i n g  c o n d i t i o n s .  The  d a t a  
f o r  t h e  t h r e e  p r o c e s s e s  r e v e a l  t h a t  h y d r o p y r o l y s i s  p r o d u c e s  t h e  
l a r g e s t  a m o u n t  o f  c o a l - d e r i v e d  p r o d u c t s .  The  l i q u i d  p r o d u c t s  from t h e  
h y d r o g e n  a n d  t h e  s t e a m / h e l i u m  r u n s  w e r e  f u r t h e r  a n a l y z e d  a n d  t h e  
r e s u l t s  a r e  p r e s e n t e d  b e l o w .  

T a b l e  I 1  g i v e s  t h e  e l e m e n t a l  c o m p o s i t i o n  of  t h e  l i q u i d  p r o d u c t s .  
F i g u r e  2 s h o w s  t h e  r e s u l t s  of t h e  M o d i f i e d  SESC (M-SESC) f r a c t i o n a t i o n  
of  t h e  c o a l  l i q u i d s .  F i g u r e s  4 a n d  5 g i v e  t h e  r e s u l t s  o f  t h e  
e l e m e n t a l  a n a l y s e s  o f  t h e  M o d i f i e d  SESC f r a c t i o n s  from b o t h  o f  t h e  
c o a l - d e r i v e d  l i q u i d s .  

The b o i l i n g  p o i n t  d i s t r i b u t i o n  a n a l y s i s  o f  t h e  MiSESC f r a c t i o n s  
f o r  b o t h  l i q u i d s  s h o w s  a b o i l i n g  r a n g e  o f  5 0  t o  4 0 0  C f o r  F r a c t i o n  I .  
a n d  o f  300  t o  5 5 0  C f o r  F r a c t i o n s  I1 a n d  111. F r a c t i o n s  I V  a n d  h i g h e r  
d i d  n o t  e l u t e  f r o m  t h e  GC c o l u m n .  

From t h e  e x p e r i m e n t a l  m o l e c u l a r  s i z e  d i s t r i b u t i o n  c u r v e s ,  t h e  
number  a v e r a g e  m o l e c u l a r  w e i g h t s  w e r e  c a l c u l a t e d  w i t h  t h e  f o r m u l a s  
g i v e n  by S c h a n n e  a n d  Haemel  ( 3 0 ) .  The  a v e r a g e  m o l e c u l a r  w e i g h t s  o f  
t h e  M-SESC f r a c t i o n s  a r e  g i v e n  i n  F i g u r e  3.  
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F i g u r e s  6 a n d  7 s u m m a r i z e  t h e  i n f o r m a t i o n  o b t a i n e d  f r o m  H’NMR 
s p e c t r o s c o p y  o f  t h e  s a m p l e s  a n d  f r a c t i o n s  a n a l y z e d .  The  p r o t o n  
s p e c t r a  a r e  u s e d  p r i m a r i l y  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  p e r c e n t a g e s  Of 
a r o m a t i c  and a l i p h a t i c  h y d r o g e n  c o n t a i n e d  i n  e a c h  s a m p l e .  

DISCUSSION 

The s t r u c t u r e  o f  t h e  MiSESC f r a c t i o n s ,  a s  o b t a i n e d  i n  t h e  p r e s e n t  
r e s e a r c h ,  is s u m m a r i z e d  in t a b l e  3 .  T h e  t a b l e  r e p o r t s  t h e  common 
f e a t u r e s  of e a c h  f r a c t i o n  for b o t h  l i q u i d s .  B e h i n d  t h e  s i m i l a r i t i e s  
b e t w e e n  c o r r e s p o n d i n g  f r a c t i o n s ,  h o w e v e r ,  t h e r e  a r e  a l s o  s i g n i f i c a n t  
d i f f e r e n c e s  b e t w e e n  t h e  two c o a l  l i q u i d s .  T h e s e  d i f f e r e n c e s  r e f l e c t s  
c h e m i c a l  r e a c t i o n s  t h a t  o c c u r  u n d e r  t h e  i n f l u e n c e  o f  d i f f e r e n t  g a s  
e n v i r o n m e n t s .  

F i g u r e  8 s h o w s  a l i s t  o f  t h e  c h e m i c a l  r e a c t i o n s  t h a t  can p l a y  a 
r o l e  i n  c o a l  p y r o l y s i s  i n  h y d r o g e n ,  steam a n d  i n e r t  g a s .  The  
d i f f e r e n c e s  b e t w e e n  t h e  p r o p e r t i e s  o f  t h e  l i q u i d s  o b t a i n e d  i n  
d i f f e r e n t  g a s e s  c a n  b e  a t t r i b u t e d  t o  t h e s e  c h e m i c a l  r e a c t i o n s .  In t h e  
f o l l o w i n g  d i s c u s s i o n ,  a n  a t t e m p t  i s  made t o  e x p l a i n  o u r  e x p e r i m e n t a l  
r e s u l t s  w i t h  t h e  r e a c t i o n s  o f  f i g u r e  8. 

Analysis of R e s u l t s  

F i g u r e  1 

S t e a m  P y r o l y s i s  p r o d u c e s  h i g h e r  C O X  y i e l d s  t h a n  t h e  o t h e r  
p y r o l y s i s  p r o c e s s e s ,  d u e  t o  r e a c t i o n  ( 1 5 )  ( c a r b o n  s t e a m  
g a s i f i c a t i o n ) .  In He a n d  H2, C O X  i s  p r o b a b l y  p r o d u c e d  f r o m  t h e  
d e c o m p o s i t i o n  o f  c a r b o x y l i c  a n d  c a r b o n y l  g r o u p s .  The 
p r o d u c t i o n  o f  l i g h t  h y d r o c a r b o n  g a s e s  i s  e n h a n c e d  i n  H 2  d u e  t o  
r e a c t i o n s  ( 4 )  ( c a p p i n g  o f  a l k y l  r a d i c a l s ) ,  (8) ( t h e r m a l  
d e a l k y l a t i o n )  a n d  ( 1 1 )  ( t h e r m a l  h y d r o g a s i f i c a t i o n ) .  P y r o l y s i s  
i n  H e  o r  S t e a m  c a n  y i e l d  l i g h t  h y d r o c a r b o n  g a s e s  o n l y  f r o m  ( 1 )  
( c r a c k i n g )  a n d  ( 4 )  ( h y d r o g e n  a b s t r a c t i o n  f r o m  a n o t h e r  
m o l e c u l e ) .  The  y i e l d  o f  B T X  i s  e n h a n c e d  i n  t h e  p r e s e n c e  o f  
h y d r o g e n  t h r o u g h  r e a c t i o n s  ( 5 )  a n d  ( 7 )  ( c a p p i n g  o f  s i n g l e  r i n g  
a r o m a t i c  r a d i c a l s ) .  (9) ( t h e r m a l  h y d r o c r a c k i n g  o f  s e v e r a l ’ r i n g  
m o l e c u l e s ) , ( 8 )  ( t h e r m a l  d e a l k y l a t i o n  o f  a l k y l ’ b e n z e n e s )  a n d  
r e a c t i o n s  ( 1 2 1 ,  ( 1 3 )  a n d  ( 1 4 )  ( s i d e  c h a i n  h e t e r o a t o m  r e m o v a l ) .  
The y i e l d  o f  l i q u i d s  ( h e a v i e r  t h a n  BTX) i n  h y d r o g e n  is  h i g h e r  
t h a n  i n  i n e r t  g a s  t h r o u g h  r e a c t i o n s  ( 5 )  a n d  ( 7 )  ( s e v e r a l - r i n g  
a r o m a t i c  f r e e  r a d i c a l  c a p p i n g )  w h i c h  c o m p e t e s  w i t h  r e a c t i o n  
( 6 )  ( r e c o m b i n a t i o n  t o  f o r m  c h a r ) .  H o w e v e r ,  t h e  y i e l d  is l e s s  
t h a n  i n  s t e a m ,  s i n c e  h y d r o g e n  p a r t i c i p a t e s  i n  r e a c t i o n s  t h a t  
b r e a k  down l a r g e  m o l e c u l e s ,  s u c h  as  (8) ( t h e r m a l  d e a l k y l a t i o n )  
(9) ( t h e r m a l  h y d r o c r a c k i n g )  a n d  ( 1 0 )  ( t h e r m a l  h y d r o g e n a t i o n ,  
f a c i l i t a t e s  h y d r o c r a c k i n g ) .  In s t e a m ,  t h e  y i e l d  o f  l i q u i d s  i s  
h i g h e r  t h a n  i n  i n e r t  g a s .  A t e n t a t i v e  e x p l a n a t i o n  is  t h a t  
r e a c t i o n  ( 1 5 )  may o p e n  t h e  c o a l  m a t r i x ,  l i b e r a t i n g  f r a g m e n t s .  
A n o t h e r  p o s s i b i l i t y  i s  t h e  p a r t i c i p a t i o n  o f  steam i n  t h e  
b r e a k d o w n  of t h e  v i r g i n  c o a l  ( r e a c t i o n s  ( 1 ) .  ( 2 )  a n d  ( 3 ) ) ,  
t h r o u g h  a h e t e r o l y t i c  m e c h a n i s m .  The t o t a l  c o n v e r s i o n  of c o a l  
by P y r o l y s i s  i n  h y d r o g e n  g i v e s  t h e  h i g h e s t  y i e l d ,  t h r o u g h  
r e a c t i o n s  ( 5 )  a n d  ( 7 )  w h i c h  c o m p e t e  w i t h  r e a c t i o n  (6) 
( r e c o m b i n a t i o n  t o  f o r m  c h a r ) .  T h e  t o t a l  c o n v e r s i o n  i n  steam 
P Y r O l y S i S  is h i g h e r  t h a n  i n  He d u e  t o  r e a c t i o n  ( 1 5 )  ( c h a r  
g a s i f i c a t i o n )  a n d  t o  an e n h a n c e m e n t  o f  t h e  l i q u i d  y i e l d ,  
p r e v i o u s l y  d i s c u s s e d .  
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Figure 2 

Fractions 1 and 2 in hydrogen pyrolysis are increased from 
fractions ‘3, 4 and 5 through reactions ( 9 )  (thermal 
hydrocracking) and ( 1 2 ) ,  (13) and (14) (heteroatoms removal). 
Fraction 6 in hydrogen pyrolysis .(very basic heteroatoms) 
could be increased from coal through reactions ( 5 )  and (7) or 
from fraction 5 through the elimination of acid groups, 
reaction (14). The fraction is not converted easily, since the 
basic heterocyclics have to be first hydrogenated through 
reaction (10) and the ring opened by hydrogenolysis (reaction 
similar to ( 9 ) )  before reactions ( 1 2 ) ,  (13) and (14) could 
proceed. Fraction 9 in both liquids (material not eluted from 
the M‘SESC column) is probably a degradation product ( coke ) ,  
insoluble. 

Figure 3 

Fractions 1 ,  2, 3 ,  4, 5 and 6 of the hydrogen pyrolysis 
liquids have higher molecular weight than the corresponding 
steam pyrolysis liquids. Smaller molecules in these fractions 
can be converted to BTX and gas through reactions ( 9 )  (thermal 
hydrocracking) and ( 1 1 )  (thermal hydrogasification). The 
larger molecules in these fractions may be more difficult to 
break, hence increasing the average molecular weight of the 
fraction. 

Figure 4 

The nitrogen content of the hydrogen pyrolysis liquids 
fractions 1 and 2 is virtually zero, lower than in the steam 
pyrolysis liquids. This is due to its elimination from the 
fractions by hydrogen through reaction (13). In other 
fractions, nitrogen appears in the heterocyclic form, basic, 
and is more difficult to eliminate, as discussed before. The 
hydrogen content is comparable in the fractions of both 
liquids, although higher in hydrogen pyrolysis fraction 1 ,  the 
most abundant. There is an upward trend in both liquids: 
higher fractions contain more hydrogen. 

Figure 5 

F i g u r e  6 

The carbon content in the fractions of both liquids is 
comparable. The downwards trend is required to accommodate the 
higher heteroatoms content of the higher fractions. Oxygen + 
sulphur in both liquids follow an upwards trend, in agreement 
with the SESC fractionation theory. Fractions 1 and 2 ,  the 
most abundant, show less heteroatoms in hydrogen pyrolysis, 
confirming the influence of reactions ( 1 2 )  and (14). Other 
fractions ( heterocyclics ) do not show the same effect, due 
to the difficulty associated with breaking ring heteroatoms. 

The fractions in both liquids follow an upwards trend, higher 
fractions have a higher hydrogen to carbon ratio. There are 
differences between the two liquids, but they do not follow a 
clear trend. 
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Figure 7 

F r a c t i o n s  3.  4 a n d  5 f r o m  h y d r o g e n  p y r o l y s i s  show t h e  e f f e c t  
of e x t e n s i v e  h y d r o g e n a t i o n  t h r o u g h  r e a c t i o n  ( 1 0 )  ( r i n g  
h y d r o g e n a t i o n ) .  H o w e v e r ,  t h e  h y d r o g e n  t o  c a r b o n  r a t i o s  do n o t  
r e f l e c t  a l a r g e  d i f f e r e n c e  ( see F i g u r e  6 ) .  T h e  e x p l a n a t i o n  
is t h a t  a l t h o u g h  r e a c t i o n  ( 1 0 )  a d d s  h y d r o g e n  t o  t h e  a r o m a t i c  
s t r u c t u r e ,  n e t  h y d r o g e n  i s  a l s o  l o s t  f r o m  t h e  m o l e c u l e  t h r o u g h  
r e a c t i o n  ( 8 ) .  H y d r o g e n  p y r o l y s i s  l i q u i d s  a r e  m o r e  
h y d r o a r o m a t i c ,  b u t  w i t h  l e s s  s i d e  c h a i n s .  The  s t r i p p e d  s i d e  
c h a i n s  p a r t i a l l y  e x p l a i n  t h e  f o r m a t i o n  of h i g h  m e t h a n e  y i e l d s  
d u r i n g  h y d r o g e n  p y r o l y s i s .  

CONCLUSIONS 

The M-SESC t e c h n i q u e  u s e d  h e r e ,  a n d  a c c o m p a n i e d  by f u r t h e r  
c h a r a c t e r i z a t i o n  o f  e a c h  o n e  of t h e  f r a c t i o n s ,  is d e m o n s t r a t e d  a s  a 
p o w e r f u l  t o o l  t h a t  a l l o w s  a d e e p  i n s i g h t  i n t o  c o a l  p y r o l y s i s  l i q u i d s  
s t r u c t u r e  a n d  c o m p o s i t i o n .  

B a s i c  d i f f e r e n c e s  i n  t h e  s t r u c t u r e  a n d  c o m p o s i t i o n  of c o a l  
l i q u i d s .  r e v e a l e d  t h r o u g h  MISESC a n d  f r a c t i o n  c h a r a c t e r i z a t i o n  
t e c h n i q u e s  h a s  b e e n  e x p l a i n e d  i n  t h i s  work  t h r o u g h  t h e  t h e r m a l  
r e a c t i o n s  w h e r e  h y d r o g e n  p a r t i c i p a t e s .  

T h e  c h a r a c t e r i z a t i o n  t e c h n i q u e ,  a n d  t h e  d i s c u s s i o n  o f f e r e d  h e r e ,  
p r e s e n t s  a n  e x t r a  d i m e n s i o n  i n  t h e  u n d e r s t a n d i n g  o f  c o a l  p y r o l y s i s  
l i q u i d s  a n d  t h e  r e a c t i o n s  t h a t  f o r m  t h e m  a n d  t h e  r e a c t i o n s  w h e r e  t h e y  
p a r t i c i p a t e  . 
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TABLE 3 

STRUCTURE OF TEE MODIFIED SESC FRACTIONS 

STRUCTURE AVE. MOL. S I Z E  

190 

DENSITY 

1.11 

BOILING RANGE 

50 - 400  C 

FWCTION 

I Aromatics, low 
heteroatoms 

Aromatics, alkyl- 
aromatics, low 
heteroatoms 

Polar aromatics, 
w i t h  non-basic 
heteroatoms 

Alkyl-polar arOInatiCS 
phenol and methoxy groups 

Basic heterocyclics 
and phenol groups 

Basic heterocyclics 
alkyl and phenol groups 

Polyphenols, non-condensed 
aromatics high heteroatoms 

Polyphenol, alkyl chains 

190 11 300 - 500 C 1.18 

111 300 - 600 C 0.996 2 5 0  - 400 

IV 

V 

V I  

V I 1  

V I 1 1  

n.a. 250  - 1 0 0  

300 - 400 

250 

n.a 

0.987 

300 - 1 2 0  n.a. 

1.194 3 5 0  - 1 5 0  

*Did not elute from G . C .  in boiling pornt simulating analysis 
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FICiiRE 1 
P r o d u c t  D i s t r i b u t i o n  from Hydrogen 

and Stean/He P y r o l v s i s  
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FIGURE 2 : H'SESC W S E  DISTRIBUTION 
OF FRRCT I O.?S 
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F r a c t i o n  9 is t h e  mass riot e l u t e d .  
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F I G U R E  3 : CUERAGE KOLECULAR S I Z E S  
OF H-SESC F R B C T I O N S .  
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F l G U R E  4 
HYDROGEN llND NITROGEN CONTENT 

OF M-SESC F R B C T I O N S  
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FIGURE 5 
CARBON AKD OX'iGFN+SULFUR CONTENT 

OF N - S E S C  FRPCTIONS 
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FIGilRE 6 
HYDROGEN TO CkRBON R A T I O S  

OF H - S E S C  F X A C T i C N S  

ATOMIC H/C RRTIO 
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F I G i l R E  7 
AROMATICITY OF WSESC FRACTIONS 
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